SUMMARY
Tracheobronchial injury (TBI) is an uncommon lesion in blunt chest trauma. It is commonly defined as a lesion occurring along the intrathoracic tracheobronchial tree. TBI can potentially cause serious complications and this review describes the important features and management. Using MEDLINE database, a search limited to English-language literature was conducted from January 1970 to June 2000, based on the following keywords: tracheobronchial injury, bronchial injury, chest trauma and blunt trauma.
Incidence and Mortality
The true incidence of TBI is unclear as many patients die before reaching hospital. Two clinical series have reported the rate to be 2.1% and 5.3% among blunt trauma patients arriving at hospital alive 1, 2 , whereas Bernstelsen reported an overall incidence of 2.8% from an autopsy study of blunt trauma victims 3 . TBI is a result of high energy impact such as falls and motor vehicle accidents and only rarely is TBI caused by low energy trauma 4 . Therefore it is not uncommon for the patient to also suffer other serious injuries. These patients may die before reaching hospital due to inadequate airway, tension pneumothorax and associated cardiac and vascular injuries 3, [5] [6] [7] [8] . Even if they manage to reach hospital alive, the overall mortality rate is still about 30% 9 . Late death is mainly caused by sepsis and multi-organ dysfunction syndrome 10, 11 .
Sites of TBI
Forty to eighty per cent of TBIs occur within 2.5 cm of the carina 1, 10, [12] [13] [14] [15] . Symbas et al found that the right main bronchus is affected more often than the left (26% and 17.5% respectively) 8 . This has been attributed to the fact that the left main bronchus is relatively protected by the aorta 16 . In addition, since the distal trachea and the right main bronchus overlie the vertebral bodies, it will increase the chance of rupture, as the latter becomes the anvil at the time of impact 17 . The lesions of TBI can be transverse between tracheal rings, longitudinal or spiral along the membranous portion of the trachea and main bronchi, or complex with a combination of both transverse and longitudinal tears involving both main bronchi and trachea, or at multiple sites. Complex lesions comprise only 8% of all ruptures 8 .
Mechanisms of TBI
The exact mechanisms of TBI are not known but three hypotheses are generally accepted 9,13,17 . 1. A sudden compression in the anteroposterior direction may cause a marked decrease in the anteroposterior diameter of the thorax with a resultant increase in the transverse diameter. As both lungs remain fixed to the chest wall, they are pulled apart. As a result, the major bronchi will also be spread apart, creating tension in the carina. If such distracting force exceeds the elasticity of the tracheobronchial tissue, rupture will occur. 2. During abrupt deceleration, the shearing force is exerted maximally at the two points of fixation, i.e. near the cricoid and carina. The former is attached to the thyroid cartilage whereas the broncho-pericardial membrane and tracheopericardial ligament tether the latter to the pericardium. Rupture occurs if the shearing force is strong enough to tear through the tissues at these points. 3. When the trachea and major bronchi are crushed between the vertebral column and the sternum, air cannot escape as the glottis reflexly closes. As a result, there is a sudden marked increase in the intraluminal pressure, the largest increase being in wall tension in the larger airways (Laplace's law), causing disruptions in these areas. All three mechanisms may work alone or in combination to produce TBI. They also explain why most of the lesions occur near the carina. Rupture of the posterior wall of the trachea is most likely caused by the explosive blow-out mechanism. This explanation has been supported by a dog model 18 and clinical case reports 19, 20 . For lobar bronchial rupture, in addition to the distraction and shearing mechanisms, rotational force may also play a part 9 .
Diagnosis

Clinical Features
It should be emphasized that the clinical features of TBI are mostly non-specific and in the presence of other associated injuries, can be easily missed. About 10% of TBI patients do not have any radiographic or clinical signs 9, 21, 22 . The lesion may be very subtle and is only detected because of subsequent complications such as persistent atelectasis, collapsed lung and pulmonary infection which occur days or even months after the initial insult 20, [22] [23] [24] . Based on the literature search mentioned above, we have reviewed the clinical features of TBI. We selected reports of case series with at least three cases of TBI and excluded individual case report, TBI secondary to penetrating injury and extrathoracic tracheal injury. A total of nineteen recent case series were suitable and these reports were pooled together to give a total of 144 patients 1, 2, 8, [10] [11] [12] [13] [14] [15] [16] 20, [22] [23] [24] [25] [26] [27] [28] [29] . From the available data among these case series, about 70% of patients were diagnosed within 24 hours post-injury while 10 cases (7%) were diagnosed after four weeks 16, 22, 23, 25, 26, 29 . In two patients the diagnoses were made four and fifteen years after the injuries respectively 22 . The frequencies of typical clinical features and associated injuries are presented in Tables 1 and  2 respectively. Data from Chesterman's collection of two hundred cases in the 1960s is also given for comparison 9 . These pooled data suggest that haemoptysis, dyspnoea, subcutaneous emphysema, pneumomediastinum and pneumothorax are commonly found in patients with TBI secondary to blunt trauma.
Haemoptysis occurs in 25% of the cases and is usually due to mucosal tear. However, massive haemoptysis is rarely due to TBI alone. In such cases, associated vascular injuries should be suspected 6 . Dyspnoea occurs in more than 60% of the patients. This is a result of airway obstruction which can be due to three reasons 17 . Firstly, blood and secretions accumulate in the lumen of the tracheobronchial tree. Secondly, the mucosal or cartilaginous injuries interrupt the continuity and calibre of the airway. Thirdly, the airway can be compressed by the mediastinal and cervical emphysema caused by the TBI. Furthermore, pneumothorax, lung parenchymal injuries and thoracic bony injuries can also cause dyspnoea. Stridor, however, is not a prominent feature of TBI 6 . Air leak may present as generalized severe subcutaneous emphysema (69%) involving head, neck, chest and abdomen, mediastinal emphysema (43%) and pneumothorax (69%). The severity of air leak depends on whether there is a breach to the connective tissue surrounding the airways 20, 21 . Intact surrounding connective tissue produces minimal air leak signs which can be easily controlled by chest drainage. In such cases, patients may be able to exchange gases through the injured airway without great difficulty 20, 23, 24, 30 . Hence they may present with delayed complications, such as persistent atelectasis, persistent collapsed lobe and pulmonary sepsis. The location of the tear may determine the clinical presentation 30, 31 . If the tear is at the right main or left distal bronchus, air usually dissects into the pleural space causing ipsilateral pneumothorax. If the tear is at the trachea and left proximal bronchus then air dissects centrally producing mediastinal and cervical emphysema without pneumothorax. Nevertheless, the most alarming features are persistent air leak, collapse of lung and pneumothroax that are refractory to chest drainage 12, 15, 20, 31 . The presence of these signs should alert clinicians to TBI. Occasionally Hamman's sign can be demonstrated in patients with TBI 10, 17, 32 . This is the clicking or crunching sound synchronized with the heart beat in left-sided pneumothorax or pneumomediastinum. This sign is attributed to contact and separation of pleural surfaces in time with the myocardium contraction.
Since TBI is a result of high energy impact on the chest, thoracic bone fractures can be expected. Thoracic bony injuries that arouse the suspicion of TBI include fractured clavicle, fractured sternum, and multiple rib fractures [8] [9] [10] 12, 17, 33 . Interestingly, the fracture of the first three ribs is significantly linked with TBI only in adults over 30 years old 9 . Upper rib fractures are rare in children and young adults suffering from TBI because of the greater resilience of the thoracic cage 20, [33] [34] [35] . Other co-existing injuries, such as long bone fractures, pelvic fractures, hip dislocations, basal skull fractures, intra-abdominal injuries, pulmonary contusion/laceration, and closed head trauma are not uncommon. Liver and splenic lacerations were the most common findings among intrabdominal injuries 12, 14, 25 . Severe pulmonary contusion and laceration can cause significant haemothorax. Among the great vessel injuries, subclavian artery and pulmonary artery were most frequently involved 2, 8, 10, 24 . Oesophageal rupture remains a rare complication of blunt trauma with only four cases reported among those one hundred and forty-four cases of TBI 22, 24, 26 . As these multiple injuries may co-exist, the clinical pictures can sometimes be overwhelmed, thus rendering the detection of TBI difficult.
Diagnostic Investigations Radiographic Imaging
Radiographic findings in TBI are mostly nonspecific. Thoracic bony fractures, subcutaneous emphysema, pneumothorax/tension pneumothorax, pneumomediastinum and air surrounding a bronchus can be found on chest X-ray 33 . The presence of "deep cervical emphysema" (radiolucent shadow along the anterior aspect of the spine) on chest X-ray is a reliable early diagnostic sign of TBI 37 . This indicates clinically impalpable air in the deep cervical fascia. Overdistension of the endotracheal tube cuff exceeding the diameter of the trachea or extraluminal position of the tip of the endotracheal tube can sometimes be viewed on chest X-ray 33 . In the presence of near-total or total avulsion of bronchus, the ipsilateral lung collapses towards the periphery rather than centrally due to the loss of central anchoring. This situation creates the "fallen lung sign" which is pathognomonic of TBI 33, 38, 39 . Findings on computed tomography suggestive of TBI include a markedly distended balloon cuff, a herniated balloon, and a malpositioned endotracheal tube 40, 41 . All these findings indicate extraluminal placement of the tube due to rupture of the tracheobronchial tree.
Contrast bronchography is generally not recommended as it may worsen any acute lung injury 23, 28 . However, if bronchography is considered necessary because other diagnostic imaging and direct bronchoscopy yield inconclusive results, then nonwater-soluble contrast medium should be used as it seems to be less irritant to lung tissue.
Flexible and Rigid Bronchoscopy
Direct inspection of the tracheobronchial tree is the most definitive method to diagnose TBI. Flexible fibreoptic bronchoscopy is the investigation of choice for establishing the diagnosis and locating the exact site and extent of the injury 6, 10, 42 . Such examination should be performed by experienced bronchoscopists because TBI can be easily missed in inexperienced hands 10 . Typical findings of TBI include a clean cut with abrupt ending of mucosa, heaped up mucosa, or a curled fragment of cartilage 30 . Blood in the tracheobronchial tree may be due to TBI. However, in the presence of profuse bleeding, it may be difficult to determine whether the blood is coming from the torn mucosa or the lung parenchyma 31 . Obstruction of the airway with blood and inability to visualize the more distal lobar bronchi due to a collapsed mainstem bronchus during bronchoscopy should also alert the clinician of the diagnosis as well. Sometimes TBI can be missed if the lesion is obscured by the endotracheal tube 32 . In the situation where flexible bronchoscopy yields negative or ambiguous findings, but the clinical settings indicate TBI, rigid bronchoscopy should be performed to make a definitive diagnosis 10, 43 . Rigid bronchoscopy should only be performed after the cervical spine has been cleared of injury.
Management of TBI
Conservative Treatment
The treatment options of TBI depend on the site, extent and severity of TBI, and whether significant cardio-respiratory compromise is present. Patients with TBI can be managed conservatively if: 31 . The patient treated conservatively should be given prophylactic antibiotics and observed closely for airway compromise and pulmonary sepsis 27, 32 . Antitussives may be useful because coughing can cause a marked increase in intratracheal pressure (160-180 cm H 2 O) which may further extend the lesion 27 .
Airway Management
Since TBI involves the intra-thoracic segment of the tracheo-bronchial tree, intubation is the best way to bypass the rupture and gain control of the airway. If the patient is co-operative, awake fiberoptic intubation is probably the safest method to isolate the lesion. The advantages of using a fibreoptic bronchoscope for intubation are threefold 6, 8, [45] [46] [47] . First, there is no manipulation of the neck which is essential in a patient with suspected cervical spine injury. Second, the tracheobronchial tree can be examined under direct vision for the precise location and the extent of the lesion. Third, the ETT can be manoeuvred to isolate the lesion by intubating the healthy bronchus under direct vision, thus avoiding further damage to the injured bronchus.
If the patient is not co-operative, it is reasonable to intubate the trachea under general anaesthesia, provided that precautions for unstable cervical spine and pulmonary aspiration are taken. Flexible bronchoscopy should be followed immediately after the intubation to bypass the lesion by manipulating the endotracheal tube. Cricoid pressure can be performed in TBI as the lesion is intra-thoracic and too distal to be affected by the pressure. For patients who have already been intubated due to respiratory or haemodynamic compromise and TBI is suspected subsequently, an uncut endotracheal tube may be guided into the healthy bronchus by flexible bronchoscopy 12, 19 . If the tube is too short, it is necessary to change to a longer tube. TBI may cause massive facial emphysema and render mask ventilation and direct laryngoscopy difficult. In this situation, the use of a tube-exchanger may be helpful. Alternatively, a fibreoptic bronchoscope can be guided to enter the larynx beside the old endotracheal tube which can be then removed and followed by railroading the new tube through the bronchoscope into the healthy bronchus. This latter method offers an extra margin of safety because the tube can be positioned precisely to isolate the TBI at the same time.
Several choices of endotracheal tubes can be used for isolation of TBI. Besides an uncut single-lumen endotracheal tube, the Robertshaw type doublelumen tube has been successfully applied to isolate the lesion 6, 12, 15 . However, there is a remote risk of extending the injury because of its size and relatively rigid pre-moulded shape. Similarly, a double-lumen tube with carina hook is best avoided in TBI. The bronchial lumen of the double-lumen tube should be inserted into the healthy side, i.e. a left-sided double-lumen tube for a right-side TBI, to minimize the chance of further disruption. Besides isolating the lesion and preventing blood and secretions from entering the healthy lung, a double-lumen tube also allows ventilation for individual lung 15 . Lastly, the Univent tube (endotracheal with a movable endobronchial blocker) has been reported to be useful in the management of TBI, although the blocker may potentially extend the lesion 1 . Care should be taken to ensure that the blocker is not overlying the lesion before its cuff is inflated.
If the location of the tear is not clear even after bronchoscopy, then a deliberate endobronchial intubation to the contralateral side of the chest wall injury should be attempted as the lesion is more likely to be on the same side as the chest wall injury 15 . Signs of air leak should be monitored closely after such manoeuvre because if the lesion is unfortunately on the same side as the endobronchial intubation or if a complex lesion is present, the air leak will be aggravated.
For complex lesions (extensive injury involving trachea and both main bronchi), isolation of the lesion can be very challenging. If the lesion cannot be isolated before induction, a rigid bronchoscope, acting as an airway for ventilation, can be introduced into the main bronchus to bypass the lesion after induction of anaesthesia 8, 48 . Alternatively, a sterile endotracheal tube can be inserted through the injured bronchus into the distal lung by the surgeon through the operative field 30, 43 .
Ventilation
Prior to the isolation of the TBI, maintenance of spontaneous breathing is desirable to avoid positive airway pressure 17, 45, 48, 49 . During positive pressure ventilation, air leakage tends to worsen even in a lesion with intact connective tissue surrounding the airways, as gas is forced through the site of disruption 15 . Tension pneumothorax may occur if a functioning chest tube is not in place. Furthermore, the placement of a chest tube may lead to "siphoning" of the inspired gas through it, resulting in a persistently collapsed lung and inadequate alveolar ventilation 50 . Using patients with broncopleural fistula as an analogy, it has been shown that up to 25% of the minute ventilation can be lost through the chest tube during conventional ventlation 51 . In this situation high frequency ventilation can be applied to improve alveolar ventilation before the lesion is isolated 52 . Once the lesion is isolated, positive pressure ventilation can be safely applied. To control and avoid high peak airway pressures that may be necessary due to pulmonary contusion, it has been recommended to use hand ventilation to provide a smaller tidal volume at a faster rate, or pressure-controlled ventilation mode 46 . Although high frequency ventilation (HFV) can achieve a lower airway pressure 52 , in most cases conventional intermittent positive pressure ventilation is adequate.
Anaesthesia
A balanced anaesthesia technique using inhalational agent, muscle relaxant and opioid can be administered. Nitrous oxide is generally avoided because of its propensity to expand air trapped in pneumothorax and pneumomediastinum 45, 53 . Complex lesions in which both bronchi are injured pose a great challenge to clinicians, whether or not there is associated great vessel injury. In addition to the technical difficulty in repairing the lesion, inadequate gas exchange and unstable haemodynamics are potential major problems. Cardiopulmonary bypass may be necessary in such situations to provide adequate oxygenation, carbon dioxide removal and circulatory support 8 . Heparinization carries additional risk. Nevertheless, several authors have reported the use of bypass in such difficult cases without major complications 8, 54 .
Surgery
If the patient sustains a lesion at the trachea, right main bronchus or proximal left main bronchus, a right posterolateral thoracotomy is performed for optimal exposure of the lesion. If the injury is in the distal left main bronchus (>2 cm from the carina), then a left posterolateral thoracotomy is used 30, 43 . Simple TBI can be treated with debridement of injured tissue and end-to-end anastomosis of the injured airway 23, 25, 32, 34 . More extensive tears may require a pleural or pericardial flap to protect the suture line 8, 13, 24 . If the injury to the bronchus is very extensive or the lung is severely contused, then lobectomy or even pneumonectomy may be necessary 10, 11, 13, 30, 45 . As other injuries are commonly associated with TBI, they may create a dilemma for prioritization of treatments. The life-saving algorithm of managing the airway and ventilation first may necessitate the repair of TBI ahead of a suspected intra-abdominal injury. However, in the presence of haemodynamic instability and evidence of ongoing abdominal haemorrhage, laparotomy should also be performed urgently. Therefore the isolation of TBI is the key to the management of such situation. Laparotomy should be performed first to control bleeding if pulmonary gas exchange is satisfactory after exclusion of TBI 12 . Repair of TBI should only be carried out after haemodynamic stability has been established.
Postoperative Intensive Care Management
Early extubation is advantageous because spontaneous breathing will maintain a low airway pressure. It is desirable to maintain low airway pressure and minimize the duration of positive ventilation as high airway pressure exerts tension on the fresh suture line and increases the risk of dehiscence 6, 27 . Bronchodilators, adequate sedation, and if necessary, muscle relaxants should be used in the ventilated patient 6 . The balloon cuff should be carefully adjusted using fibreoptic bronchoscopy to site it above the suture line and the pressure of the cuff should be regularly checked to avoid excessive pressure. Huh et al have reported the success of using a cuirass ventilator to provide negative pressure ventilation for the postoperative period in a patient with persistent air leak 42 . There are also reports of utilizing HFV for postoperative ventilation 52, 55 . Such techniques avoid high peak and mean airway pressures. Furthermore, deflation of the endotracheal tube cuff also minimizes complications on the suture line. In the past, routine postoperative tracheostomy was recommended because it would reduce the intraluminal pressure of the trachea by eliminating glottic closure 56 . However, most clinicians now consider this unnecessary and it is no longer practised 8, 10, 15, 16, 34 . TBI patients often sustain multiple injuries and are predisposed to infection. It is recommended that these patients should be given prophylactic broad spectrum antibiotics and regular bronchoscopic lavage to prevent wound infection 6, 27 . The latter should be performed cautiously as the suture is at risk of disruption.
Complications
Early
The patient should be monitored closely for early postoperative complications, such as sepsis and disruption of the suture line 6, 10, 13 . The latter can present as new or increased air leakage or haemoptysis. If suspected, bronchoscopy should be performed to inspect the suture line for dehiscence. Both permanent and transient recurrent laryngeal nerve palsy have been reported as postoperative complications of TBI 10, 29 .
Late Suture granuloma formation has been reported if non-absorbable suturing material is used 23 . Such granuloma can cause stenosis in the tracheobronchial tree. Stenosis may also occur due to excessive tension at the suture line and impaired blood supply at the site of rupture 8 .Therefore regular assessment is needed for early detection of such complications 20, 33 . If left untreated, it may lead to sepsis and eventually bronchiectasis. From the pooled data of the abovementioned case series, about 14% of the patients who underwent airway reconstruction developed postoperative suture granuloma/bronchial stenosis which required further treatment 2, 8, 10, 13, 14, 25, 29 .
Untreated TBI
If a patient manages to survive with an undetected and hence untreated TBI, serious complications may arise 23, 24, 43 . First, a haematoma is formed and develops into a fibrous stricture, resulting in bronchial stenosis. This will occur in the first four weeks after the injury. A stenosed bronchus impairs clearance of secretions and leads to suppuration. Atelectasis, fibrosis and finally saccular bronchiectasis may then follow. The latter complication may eventually require resection of the affected part of the lung [22] [23] [24] [25] 35, 43 .
Outcome and Prognosis
The overall mortality rate reported by Chesterman et al was 30% 9 . However, recovery among survivors has been reported to be favourable. In one study, it was found that all patients who underwent bronchial reconstruction within a month, had achieved normal respiratory function 39 . Early repair optimizes the opportunity to preserve lung tissue and function. The functional result is generally good if the surgery is performed within three months of the injury 7, 9, 22, 29, 39 . Although successful delayed repair of the airway has been reported, some loss of function may occur because of destruction of lung tissue, fibrosis and alteration in the alveolar capillary membrane 7, 9, 22, 57 .
CONCLUSION TBI is an uncommon but potentially serious complication of blunt chest trauma. The clinical picture at presentation may be non-specific and a high index of suspicion of the injury should be kept in managing chest trauma patients. Persistent air leak that is resistant to chest drainage warrants further investigation for tracheobronchial rupture. Early diagnosis by bronchoscopy and isolation of the lesion by appropriate intubation will improve mortality and morbidity. Early repair of the TBI will generally lead to good functional recovery.
